Water quality in the arid regions has long been an issue of great concern in the world. In this study, quantitative research was carried out to create new knowledge to understand the processes that determine the variation in the groundwater chemical composition of the Yinchuan Plain, China. In this context, the distribution and zonation characteristics of groundwater in this area were assessed using geochemical modelling of groundwater quality evolution. The results show the existence of an obvious zonation from the recharge area to the discharge area in the study area. Dominant anions transform from HCO 3 in the inclined pluvial area to HCO 3 ·SO 4 ·Cl in the discharge region, while the main cations vary from Ca and Mg to Na and Mg. The simulation results indicate that the evaporation process triggers 2-35% of groundwater loss, leading to an increase in the total dissolved solids. The irrigation leakage mixes with the groundwater at about 8:2, suggesting that the irrigation leakage dilutes the groundwater.
Introduction
Arid and semi-arid regions account for 49% of China's land area, where groundwater is the primary source of water for domestic, industrial and agricultural activities (Li et al. 2013) . However, increasing anthropogenic activities including the over-exploitation of groundwater resources in these regions have adverse impacts on the groundwater quality, such as increased salinity of water (Chen et al. 2008 , Ding et al. 2009 , 2014 , Liu and Su 2009 , Shi 2010 . Therefore, it is important to identify the anthropogenic factors that have adverse impacts on the groundwater quality in order to develop effective strategies to mitigate the adverse impacts.
Hydro-geochemical characterization and modelling provide important information to understand the groundwater quality deterioration. Several studies have investigated the hydro-geochemical characteristics, e.g. Lecomte et al. (2005) , Clark and Journey (2006) , Belkhiri et al. (2010) and . However, these studies have mainly focused on water-rock interactions, specifically on the following four aspects: origin, formation mechanisms, migration and evolution, and quantitative simulation (Garrels and Thompson 1962 , Helgeson 1968 , Biqiyewa 1981 , Stumm and Morgan 1987 , Plummer et al. 1990 , Schofield and Jankowski 2004 , Cao et al. 2009 , Murad et al. 2011 . The studies on origin and formation mechanisms are primarily confined to qualitative analysis. With the development of simulation techniques, more emphasis has been placed on the integrated investigation of the evolution of groundwater quality both qualitatively and quantitatively. In particular, the inverse hydro-geochemical simulation has received significant research attention due to its ability to quantify various physical and chemical reactions in groundwater (Chapelle 1983 , Plummer et al. 1983 , 1990 , Wicks and Herman 1994 , Guo et al. 1997 , Perry 2001 , Eary et al. 2002 , Li et al. 2002 , Lakshmanan et al. 2003 , Guler and Thyne 2004 , Lecomte et al. 2005 , Clark and Journey 2006 , Belkhiri et al. 2010 . Thus, it provides an important tool for the quantitative study of the groundwater quality.
Yinchuan Plain is located in the arid and semi-arid region of northwest China. The plain has been intensively irrigated for over 2000 years and supports traditional farming activities such as vegetable production and greenhouse cultivation throughout the year (Qian et al. 2012) . The groundwater in this area is mainly pore water in unconsolidated Quaternary sediments. Its recharge, runoff and discharge present inherent features because of the combined influence of geology and geomorphology, structure, hydrology and anthropogenic factors. The main recharge source and process of groundwater are the leakage of the irrigation canal systems and evaporation, respectively. Before the 1980s, groundwater was the main water source for industrial and domestic uses in the region. However, it is no longer suitable for human consumption because total dissolved solids, total hardness, sulfate, chlorides, nitrates, nitrites, ammonium and heavy metals in groundwater in many parts of the region are generally above the permissible limits of drinking water standards . Additionally, the poor water quality has a significant impact on biota of the region. Though several studies have investigated these issues qualitatively for this region (Zhang and Wang 2003 , Wan 2005 , Zhang and Zhang 2010 , only limited studies have investigated them quantitatively.
Therefore, the objectives of this study were to (1) investigate the chemical characteristics of groundwater in Yinchuan Plain; (2) investigate the distribution and zonation of groundwater quality; and (3) quantitatively investigate the influences of irrigation and evaporation on groundwater quality using inverse simulation.
Material and methods

Study area
The study area (37°46′N-39°23′N, 105°45′E-106°56′E ) is located at the upper reaches of the Yellow River covering approximately 7790 km 2 (Fig. 1 ). The landforms begin with an inclined pluvial plain, which transitions to a pluvial-alluvial plain, and subsequently to an alluvial-lacustrine plain, as the river is approached (Fig. 2) . The plain lies within the continental arid to semi-arid climate region of the northern temperate zone. The average annual temperature in the region is 8.92°C, the mean precipitation is 3.98 × 10
and the mean evaporation is 3.92 × 10
, which is almost 10 times the precipitation. The second largest river in China, the Yellow River, runs through the Yinchuan Plain along its eastern boundary (Ningxia Geological Engineering Survey Institute 1992) .
Groundwater in the study area is primarily pore water of unconsolidated Quaternary sediments. The aquifer consists mainly of fine sand, silty fine sand, and a small amount of medium sand and clayey soil. Depth to groundwater over the plain is generally less than 5 m, with the flow of groundwater from southeast to northwest (Fig. 2) . There is a slight spatial variation in the groundwater flow direction because of minor geomorphology and local groundwater abstraction. In the inclined pluvial plain, hydraulic gradient is usually larger than 10‰, while it is lower than 0.5‰ in the alluvial-pluvial plain and alluvial-lacustrine plain. More than 80% of the total groundwater recharge occurs by the leakage of irrigation canals and the infiltration of irrigation water, while 45% of the total groundwater discharge is by evaporation and drainage ditches. It is worth noting that artificial exploitation is gradually becoming an important discharge pattern with the rapid development of industry and growth of population in the area (Zhang and Wang 2003) .
Basic hydrological, hydrogeological and geochemical data
Hydrogeological and geological information was collected from government departments and through field investigations. Climate data were collected from the weather stations in the Yinchuan Plain. Hydrological data, geological data and water level maps were collected through fieldwork in August 2008 (Fig. 2 ) along with the 26 sediment samples for mineral content analysis ( Fig. 2 and Table 1 ). Geological and hydrogeological parameters such as hydraulic conductivity and the hydraulic gradient were sourced from the report on groundwater resources and environment comprehensive geological survey and evaluation in Yinchuan Plain (1992) . Soil geochemical data were obtained from the study by Gao and Yong (2009) (Table 2 ).
Water sample collection and analysis
For this study, 116 water samples were collected from wells and rivers during the rainy season in August 2008. Sampling locations were recorded using a portable GPS (Fig. 2) . Among these samples, three were collected from the Yellow River (upper, middle and lower reaches). The remaining samples were groundwater, among which 10 samples were distributed along three transects and 103 samples were distributed in the study area. Groundwater samples were collected from drilled wells, with depths ranging between 10 and 20 m, using a pump. The water samples were immediately filtered with 0.45 μm microporous filters and stored in 1-L high-density polyethylene bottles, which were thoroughly washed before sampling using the water to be sampled. The pH and temperature were measured in situ using portable devices, while other parameters such as calcium, magnesium, sodium, potassium, chloride, sulfate, bicarbonate and silica were analysed in the laboratory. Na + and K + were measured using flame atomic absorption spectroscopy, while Ca 2+ , Mg 2+ , Cl − , CO 3 2− and HCO 3 − were analysed by volumetric titrations. Similarly, SO 4 2− was analysed turbidimetrically (APHA 1985) . TDS was measured by drying and weighing (APHA 1985) . F − was determined using a fluorine ion-selective electrode. The reliability of the chemical data was assessed by ionic charge balance errors, which were found to be within the acceptable range of ±5%.
Hydro-geochemical assessment methods
Statistical analysis and hydro-geochemical simulation were applied to gain a qualitative and quantitative understanding of the chemical characteristics, distribution and evolution of groundwater in the study area.
Piper diagram
A Piper diagram (Henry and Stiff 1951) was used to classify and compare water types based on the ionic compositions of different water samples. Cation and anion concentrations expressed in mmol L −1 were plotted in two triangles and were then projected into a diamond that described the water type or hydro-chemical facies. Water types were classified according to the anion (or cation) exceeding 25% of the total anionic (or cationic) amounts expressed in mmol L −1 .
Inverse geochemical modelling
The geochemical simulation program PHREEQC v2.16 (Parkhurst and Appelo 1999) , coupled with the MINTEQ.v4 database (Allison et al. 1991) , was used to calculate the equilibrium conditions with respect to mineral phases present in the aquifer for each water sample. The principle of inverse simulation is first to calculate the mass transfer, and then to identify the water-rock interactions based on the equilibrium models and the difference between the initial and final hydrochemical components along with the reaction path (Plummer et al. 1991, Glynn and Brown 1996) . Inverse simulation is mostly used for understanding the evolution of hydro-chemistry along a given groundwater flow path.
Simulation path. Three typical flow paths were
selected to quantitatively demonstrate the processes of dissolution, deposition, evaporation, water-rock interaction and other formative reactions of groundwater quality (Fig. 2) . The following three paths were located in the north, middle and south of the plain, respectively: path A: A1→A2→A3→A4, path B: B1→B2→B3→B4, and path C: C1→C2. The hydro-chemical compositions of the water samples of each simulated point are presented in Table 3 .
Potential mineral phases. Potential mineral phases
were selected based on the information from mineral identification, mineral constituents of sediments, water compositions and field investigation. Mineral identification shows that the most common minerals present in the study area were calcite, dolomite, halite, gypsum, chlorite, illite, quartz, potassium feldspar and hornblende (Table 1) . Gao and Yong (2009) reported the values of 54 geochemical elements in deep soils in Yinchuan. The enrichment of some of the most important soil elements is as follows: SiO 2 % > Al 2 O 3 % > CaO% > Fe 2 O 3 % > MgO% > K 2 O % > Na 2 O% (Table 2) . Chemical compositions at the initial point and the end point are shown in Table 3 . Since the water samples were collected from shallow aquifers, CO 2 may also participate in the reactions. Therefore, CO 2 was also considered as a potential mineral facies. Finally, the following 12 possible mineral phases were chosen: chlorite, illite, quartz, potassium feldspar, calcite, dolomite, hornblende, CO 2 , halite, H 2 O, gypsum and cation exchange (Table 4) .
Mass balance model. The fundamental principle of the water-rock interaction model is:
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Composition
SiO 2 (%) The reactant phase is the components entering the aqueous phase, while the product phase is the components leaving the aqueous phase. The reactant or product phases can be gas, mineral or ion exchange between solid and liquid. The relation can be mathematically expressed as follows:
where P is the number of reaction and product phases during the reaction; a P is the mass transfer coefficient, indicating the molar mass of the Pth mineral dissolving (positive value) into or precipitating (negative value) from the solution; b P , K is the stoichiometric number of the Kth element of the Pth mineral phase; and ΔM T , K is the molar mass concentration of the Kth element in the solution.
Since irrigation using Yellow River water is quite common, mixing of groundwater and irrigation water was considered during the simulation. Additionally, as the evaporation is intense in this area, it can also have significant impacts on the simulation. Consequently, Equation (1) transformed into Equation (2) as expressed below:
where, v 1 and v 2 are the volumes of the mixed groundwater and the Yellow River water, respectively; v 3 is the volume of the water-phase evolution of groundwater between the starting point and the final point; m T3 , K is the molar mass concentration of the Kth element of groundwater in the final point; m T1 , K is the molar mass concentration of the Kth element of groundwater in the starting point; and m T2 , K is the molar mass concentration of the Kth element of the Yellow River water. Figure 3 shows the conceptual model of the simulation.
Mass balance equations.
Based on the chosen elements, mineral phases (Table 4 ) and the mass balance reaction model (2), the following water-rock reactions were established: (Fig. 4) shows four main water types: Ca(Ca·Mg)-HCO 3 type, Na·Mg(Ca·Na or Ca·Mg)-HCO 3 ·SO 4 (SO 4 ·HCO 3 ) type, Na·Mg(Na)-HCO 3 ·SO 4 ·Cl type and Na·Mg-Cl·HCO 3 (Cl·SO 4 ) type. The second and third types include the majority of the analysed samples suggesting that (Na+K) was present at a higher concentration than Ca or Mg. Furthermore, HCO 3 or SO 4 ion concentrations exceeded the Cl concentration.
Zonation characteristics
According to the water types classification and their spatial distribution, groundwater shows an obvious horizontal zonation characteristic (Fig. 5) . From the mountain to the river (west to east), the hydro-chemical type of groundwater moved from HCO 3 to HCO 3 ·SO 4 (SO 4 ·HCO 3 ), then to HCO 3 ·SO 4 ·Cl and to HCO 3 ·Cl(Cl·HCO 3 ) with respect to the anions, while the cations changed from Ca(Ca·Na, Ca·Mg) to Na·Mg(Na). The variation in hydro-chemical types corresponds to the changes in landforms, matching the regional groundwater evolution pattern (Shen 1986) . Such distinct horizontal hydro-chemical zonation of groundwater is generally determined by the geological conditions and landscape types. However, the influencing factors are different for each geomorphic unit (Jing et al. 2012) .
In the inclined pluvial plain, where groundwater is mainly recharged by bedrock fissure water, the water type of Ca or Ca·Mg-HCO 3 with the ionic sequences of Ca > Mg > Na+K and HCO 3 > SO 4 > Cl (Table 6 and Fig. 5 ) was prevalent. The higher elevation in the inclined pluvial plain area led to a greater hydraulic gradient (>10‰), depth to groundwater (>5 m) and faster runoff. In this area, groundwater is characterized by low salinity higher recharge rate from precipitation in rainy seasons. Further, groundwater had a TDS of less than 0.5 g L −1 since the main water-rock interactions are dissolution of carbonate minerals.
Groundwater in the alluvial-pluvial plain and the second terrace of the alluvial-lacustrine plain was Na·Mg(Ca·Na)-HCO 3 ·SO 4 and Na·Mg(Ca·Na)-SO 4 ·HCO 3 water type with the ionic concentrations in the order Na+K > Ca > Mg and HCO 3 > SO 4 > Cl (Table 6 and Fig. 5 ). In the region investigated, the groundwater gradient is small and groundwater runoff is constrained. Consequently, the groundwater flow conditions and climate enhanced the effect on evaporation and concentration. Inadequate runoff and intensive evaporation facilitated pollutant accumulation in groundwater leading to increased concentrations of sulfate, chloride and sodium ions, resulting in a change in groundwater quality from freshwater to brackish water with an overall TDS of 0.5-1.5 g L −1
. In the transitional region between the second and first terraces of the alluvial-lacustrine plain, groundwater was dominated by a Na·Mg-HCO 3 ·SO 4 ·Cl water type with the ionic sequences of Na+K > Ca > Mg and HCO 3 > SO 4 > Cl (Table 6 and Fig. 5 ). In these areas, evaporation played a dominant role in the accumulation of pollutants. Intensive irrigation activities also had a significant influence on the water-rock interactions. The overall groundwater TDS concentration was between 1.5 and 2 g L −1 in these areas. The first terrace of the alluvial-lacustrine plain and the east bank of the Yellow River were mainly covered by a Na·Mg-Cl·SO 4 or Na·Mg-HCO 3 ·Cl water type groundwater with the ionic sequences of Na+K > Ca > Mg and HCO 3 > SO 4 > Cl or HCO 3 > Cl > SO 4 (Table 6 and Fig. 5 ). The TDS of groundwater was more than 2 g L −1
. Based on the above analysis, the inclined pluvial plain, the alluvial-pluvial plain, and the alluvial-lacustrine plain can be classified as dissolution zone, evaporation zone, and evaporation-mixing zone, respectively (Jing et al. 2012) .
3.2 Mass balance simulation of groundwater: geochemical modelling 3.2.1 Water-rock interactions As shown in Table 7 , in the north of the plain, the dissolution of carbonates and the exchange of ions are very important processes for groundwater flowing from the inclined pluvial plain area to the alluvial-pluvial plain area (A 1 -A 2 ), with the dissolution of dolomite of 1.30 mol kg −1 and Na + exchange with Mg 2+ of 3.24 mol kg −1
. The halite dissolution reached up to 9.36 mol kg −1 in the alluvial-lacustrine plain area (A 2 -A 3 ). In the middle of the plain (B 1 -B 2 , B 2 -B 3 and B 3 -B 4 ), the main water-rock interactions were the dissolution of gypsum and halite and the exchange of Na + . In the south of the plain, there was significant dissolution of gypsum exhibits in the Qingtongxia alluvial fan, with dissolution of 0.71 mol kg −1 . As shown in Table 8 , in the region to the west of the Yellow River, the calcite saturation index changes from −0.03 in the inclined pluvial plain area to 0.34 in the alluvial-lacustrine plain area (A 1 -A 4 ), while the dolomite saturation index changes from −0.17 to 1.55 (A 1 -A 4 ), indicating that the calcite and dolomite transform to the saturation status from the dissolution zone to the evaporation-mixing zone. From the second terrace to the first terrace of the alluvial-lacustrine plain area, the mixing between the infiltrated irrigation water and the groundwater imposes significant influence on the saturation state of water with calcite and dolomite, which were over-saturated. Waters with gypsum and halite in these areas were both in an under-saturated state. In the region to the east of the Yellow River, water with gypsum was saturated due to the influence of the lithology despite the fact that the region belongs to the dissolution zone.
The hydro-chemical characteristics discussed earlier reflect the regional variation in water-rock interactions, which is closely related to the hydro-geochemical conditions in the study area. The inclined pluvial plain belongs to the recharge zone with a large hydraulic gradient and the runoff is highly intensive, accompanied by carbonate dissolution along the water flow. The north alluvial-lacustrine plain area is the discharge area of the regional groundwater flow system. Due to the leaching effect, the dissolution of halite is relatively large, and the soil salinization is quite severe because of the intense evaporation.
Evaporation effect
The influence of evaporation on groundwater is presented in Fig. 6 , according to which the evaporation drives a groundwater loss of 2-35%, leading to the increase in salinity. However, the evaporation effects vary spatially. Generally, the percentages of groundwater loss due to evaporation are in the order A 1 -A 4 (north) > B 1 -B 4 (middle) > C 1 -C 2 (south), and A 1 -A 2 and B 1 -B 2 (west) > A 2 -A 4 and B 2 -B 4 (east). This implies that the evaporation effect is closely related to depth to groundwater, vegetation cover and irrigation. According to Jin et al. (2010) , during the rainy season, the spatial distribution of evapotranspiration in the Yinchuan Plain is mainly affected by vegetation cover and depth to groundwater. The order of the surface evapotranspiration for different land cover is water, croplands, closed shrublands, grasslands, urban and built-up, open shrublands and barren or sparsely vegetated lands. The extinction depth is 6 m in the area, which suggests that the evapotranspiration decreases within 6 m from the ground surface with the increase of depth to groundwater. According to field investigations, depth to groundwater in the south is larger (depth, 2-5 m) than in the middle and the north (depth, 1-2 m). However, vegetation cover rate is lower in the north of the plain than in the south because of soil salinization (Zhang and Wang 2003) . Therefore, the evaporation in the middle plain is the strongest. In addition, the composition of irrigation water may have a significant impact on the chemical composition of groundwater. This research indicates that the amount of groundwater recharge is greater than the evaporation in the rainy season, and 80% of the groundwater recharge comes from the leakage of the irrigation channels and infiltration of irrigation water (Xue 2011) . The dilution effects of irrigation water on the composition of groundwater are prominent. In A 1 -A 2 and B 1 -B 2 near the inclined pluvial plain, the irrigation has a weaker influence, making the evaporation dominant compared with groundwater recharge. However, in A 2 -A 4 and B 2 -B 4 around the Yellow River, intensive irrigation results in greater groundwater recharge, which significantly exceeded the evaporation. The above analysis demonstrates that mixing can greatly change the hydro-chemical compositions in a short time and it may disguise the impact of evaporation on groundwater to a certain extent.
Mixing effect
As shown in Fig. 6 , the mixing ratio of irrigation infiltration to groundwater is mostly 8:2 in the north and middle of the plain, indicating that the groundwater is well diluted; and the simulated results are consistent with the water resource assessment (Xue 2011) . Meanwhile, in the Qingtongxia alluvial fan in the south of the plain, the mixing ratio was larger, i.e. around 0.96:0.4. According to the "Report of Survey and Assessment of Reasonable Allocation of Groundwater Resource in Yinchuan Plain", the precipitation is insufficient in the Qingtongxia alluvial fan area, and the recharge from the Yellow River is the largest (59.96 m 3 /km 2 ) in the whole study area. This is also consistent with the groundwater resource assessment (Zhang and Wang 2003) .
Conclusions
This study reports the hydro-chemical characteristics of groundwater and its zonation. Geochemical modelling was performed using PHREEQC for a better understanding of the evolution of groundwater chemistry. The primary conclusions of the study are:
• Groundwater in the plain is mainly Ca(Ca·Mg)-HCO 3 water type, Na·Mg(Ca·Na or Ca·Mg)-HCO 3 ·SO 4 (SO 4 ·HCO 3 ) water type, Na·Mg(Na)-HCO 3 ·SO 4 ·Cl water type and Na·Mg-Cl·HCO 3 (Cl·SO 4 ) water type.
• These water types show obvious zonation characteristics, which are present from the recharge area around the foot of the mountains to the runoff area and then to the discharge area around the Yellow River. • Anions in the groundwater transform from HCO 3 to HCO 3 ·SO 4 (SO 4 ·HCO 3 ) and then to HCO 3 ·SO 4 ·Cl (HCO 3 ·Cl, Cl·HCO 3 ), while cations vary from Ca (Ca·Na,Ca·Mg) to Na·Mg(Na) along the flow paths. These variations are controlled and influenced by the terrain, climate, hydrogeology and human activities.
• These zonation characteristics of groundwater chemistry are the combined result of the water-rock interactions, evaporation and the irrigation.
• Cation exchange has played an important role in the groundwater mineralization.
• In the inclined pluvial plain area, the major hydro-geochemical process is dissolution, forming low-mineralized calcium bicarbonate water. During the flow, groundwater dissolves mainly calcite and dolomite, passing from an unsaturated to saturated state with these minerals. The above processes are influenced by the terrain and lithology.
• In the alluvial-pluvial and alluvial-lacustrine plain areas, highly mineralized water with complex hydrochemical type is prevalent due to the impacts of irrigation and evaporation.
• Inverse hydro-geochemical simulation demonstrates that the evaporation process triggers groundwater loss of 35%, leading to the increase of total dissolved solids.
• The irrigation infiltration mixes with groundwater at 8:2, indicating that the irrigation infiltration dilutes the groundwater.
• The hydro-geochemical modelling demonstrates that dissolution of minerals and cation exchange between sodium and calcium (magnesium) are the main waterrock interaction processes that control the geochemical evolution of groundwater and are associated with the observed mineralogical composition and contribution in study area. Application of the model also proves the necessity to take the evaporation and mixing effect into account.
• The model found that the evaporation process triggers groundwater loss of 35% and the irrigation infiltration mixes with groundwater at 8:2, in agreement with groundwater resources assessment.
• More than 80% of the total groundwater recharge occurs by the leakage of irrigation canals and the infiltration of irrigation water, while 45% of the total groundwater discharge is by evaporation and drainage ditches.
